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Multifrequency electron paramagnetic resonance (EPR) spectra of the Cu(II) site in bovine heart cytochrome c oxidase (COX) and nitrous oxide 
reductase (NZOR) from Pseudomonas stutzeri confirm the existence of Cu-Cu interaction in both enzymes. C-band (4.5 GHz) proves to be a particu- 
larly good frequency complementing the spectra of COX and N20R recorded at 2.4 and 3.5 GHz. Both the high and low field region of the EPR 
spectra show the presence of a well-resolved 7-line pattern consistent with the idea of a binuclear Cu center in COX and NZOR. Based on this 
assumption consistent g-values are calculated for & and & at four frequencies. No consistent g-values are obtained with the assumption of a Cline 
pattern indicative for a mononuclear Cu site. 
Cytochrome c oxidase; Copper,; Bimetallic center; Copper-copper interaction; Nitrous oxide reductase; Electron paramagnetic resonance, multi- 
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1. INTRODUCTION 2. MATERIALS AND METHODS 
Recently it has been argued that the EPR spectrum 
generally ascribed to CUA in cytochrome c oxidase 
(COX) may contain a Cu-Cu coupling pattern that is 
inconsistent with the current structural picture of a 
mononuclear CUA site [l-3]. Evidence for the similarity 
between the EPR-detectable copper in nitrous oxide 
reductase (N20R) and CUA in COX arose from EPR 
spectroscopy [4], electron spin echo envelope modula- 
tion data [5], MCD and EXAFS spectroscopy [6]. Fur- 
thermore, comparison of the N20R sequence, deter- 
mined by translating the structural NosZ gene, with 
COX subunit II sequences from several sources in- 
dicated that a Gly-Xaa-Xaa-Xaa-Xaa-Xaa-Cys-Ser- 
Xaa-Xaa-Cys-Xaa-Xaa-Xaa-His stretch was highly 
conserved [7]. Similarities between the ESR spectra on 
the high field side at 2.7 GHz (S-band) for N20R and 
the CUA site in COX led to the hypothesis that the 
seven line pattern in the EPR spectra could be at- 
tributed to a mixed-valence binnuclear copper center, 
[Cu(lS)...Cu(1.5)] [l]. The pattern at 2.62 and 3.78 
GHz in COX has previously been attributed to a hyper- 
fine interaction between copper and another yet 
unknown paramagnet [8]. 
Nitrous oxide reductase from P. stutzeri [9] and bovine heart 
cytochrome c oxidase [lo] were prepared according to literature 
methods. EPR spectra were recorded and evaluated as described [l]. 
3. RESULTS AND DISCUSSION 
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EPR spectra recorded at 4.5 GHz from a new C-band 
spectrometer operating with a loop-gap resonator [l 11, 
together with earlier data obtained at S-, X- and Q-band 
[ 1,4], are used to determine a g-value from the apparent 
7-line pattern on the high field side of the EPR signal 
for the CUA site in COX. Again, the spectrum from 
N20R, for which the 7-line pattern is also resolved on 
the high field side as well as in the low field g, region, 
helps to identify the 7-line pattern in the CUA site of 
COX. The 7-line spectrum at X- and S-band frequen- 
cies for the EPR-detectable Cu site in N20R [1,4] and, 
now, C-band is consistent with a 7-line pattern in the 
low field gz region (Fig. 1, spectrum 3). The g, region of 
the X-band spectrum reveals the entire 7-line pattern 
while the gz region of the S-band spectrum has only 4 
lines of the 7-line pattern separated from a superposi- 
tion of lines in the gx and g, region [1,4]. The center of 
the pattern is the fourth line with a g-value of 2.18 
(Table I). At C-band, 5 of the 7 lines are resolved in the 
gz region and at least 3 lines, possibly 4 lines, on the 
high field side (Fig. 1, spectrum 3). Assuming a 7-line 
pattern, a value of 2.02 is calculated for g, at all 3 fre- 
quencies. No consistent g-value is calculated for either 
the gz or gx region with the assumption of a 4-line pat- 
tern (Table I). Simulations with a perturbation program 
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Fig. 1. S-band (2.760 GHz, No. l), C-band (4.530 GHz, No. 2) and 
X-band (9.130 GHz, No. 4) EPR spectra of cytochrome c oxidase, 
and C-band EPR spectrum of nitrous oxide reductase (4.670 GHz. 
No. 3). .Modulation frequency 100 kHz, modulation amplitude 0.3 
mT, tem~rature 20K. Nitrous oxide reductase from Pseuda~o~as 
stutzeri, 0.27 mM in 50 mM Tris-HCl, pH 7.5, was prepared as 
described [9]. Cytochrome c oxidase was obtained from bovine heart 
[lo). The metal content determined by ICP-AES was 2.94 Cu, 1.94 
Fe, 1.07 Zn and 1.03 Mg. The protein was 68 mg/ml 0.5% Tween 80, 
50 mM Tris-HCl, pH 7.4. Note that the spectrum for N20R (No. 3) 
is shifted so that g = 2.02 for N20R is superimposed on g = 2.00 for 
COX. The seven line pattern for a Cu-Cu coupling is indicated by the 
stick diagram. An arrow indicates the center of a 4-line pattern for a 
mononuclear Cu site. 
modified to include hyperfine splittings from two 
equivalent cupric nuclei 1121, are in agreement with, but 
not necessarily proof of, the 7-line pattern (data not 
shown). A similar g-value determination is made for the 
multifrequency EPR data for the CUA site in 
cytochrome c oxidase. The X- and S-band spectra in 
Fig. 1 are consistent with previously published spectra 
[2,8]. Thus, slight differences in sample preparation 
seem not to affect the data. The spectrum from C-band 
is crucial to the argument because no lines are as yet 
resolved at X-bands (Fig. 1). Compared to the EPR 
spectra obtained for N20R the resolution in the g, 
Table I 
g values’ calculated from either a 7-line pattern (gcu-c”) or a 4-fine 
pattern (gc”)b 
Sample Frequency (GHz) gzcU-cu gz cU gxcU-cU gx cu 
cox 9.130 (X-band) - - 2.00c - 
cox 4.530 (C-band) - - 2.00 1.96 
COX 2.760 (S-band) - - 2.00 1.94 
N20R 9.130 (X-band) 2.18 2.22 2.02 1.98 
NZOR 4.670 (C-band) 2.18 2.26 2.02 1.97 
N20R 3.480 (S-band) 2.18 2.29 2.02 1.95 
N20R 2.397 (S-band) 2.18 2.34 2.02 1.92 
aWhere two or more calculations are averaged, the range is < f , 
0.006. All values were rounded off to 0.01 bPosition of gcusu and g’” 
is given in Fig. 1 ‘Value is only from simulated data 
region is not as good at ali 3 frequencies. We have at- 
tributed this to the overlap of the &id line of heme a 
and the interaction with ferric sites in COX. The lines in 
the g, and gY region are resolved in the C-band spectrum 
(Fig. 1, spectrum 2). The microwave frequency for C- 
band is just high enough relative to the S-band 
microwave frequency to discriminate between the ex- 
pected g-value for a seven line pattern or a 4-line pattern 
(Table I). A g,-value of 2.00 for a 7-line pattern is con- 
sistent with spectra from all 3 frequencies (Table I). For 
a 4-line pattern indicative for a mononuclear Cu center, 
no consistent g,-value is obtained (Table I). 
That cytochrome c oxidase contains a 7-line pattern 
has been difficult to determine because only 3 of the 
high field lines are resolved at low frequencies without 
overlapping of the gx region with g, and gz. C-band is a 
particularly good frequency to complement he S- and 
X-bands data because 5 of the 7 lines in the g, region of 
the EPR detectable site in nitrous oxide reductase are 
easily observed. Furthermore, 3 lines in the g, region for 
both nitrous oxide reductase and cutochrome c oxidase 
are observed. While a 7-line pattern could be con- 
structed from other combinations, the magnitude of the 
coupling, A,= 38 G and A,= 29 G for N2OR and 
A, = 32 G for COX is most compatible with half the 
coupling from a type-l Cu site, which implies that both 
copper atoms of the binuclear center may be type-l 
[13]. Even though the parameters and the relaxation 
properties for the EPR-detectable copper site in N20R 
are not identical to the parameters for the Gun site in 
COX, the parameters are close enough to suggest struc- 
turally similar, if not identical sites. The unusual relaxa- 
tion properties that prevent saturation of the EPR- 
detectable sites in COX and N20R above 20 K, an 
unusually low g,-value of 2.00 for the CUA site, and a 
7-line pattern are difficult to explain using a 
mononuclear center Cu(II)Sz(Cys)Nz(His) with S = l/2 
[ 141. These data may argue for a more complex struc- 
ture, i.e. a binuclear Cu center with S = l/2, or even a 
binuclear center coupled to another paramagnet giving 
a state with S > 1 in which a fictitious S = l/2 spin state 
is detected [15]. 
Multifrequency data obtained for N20R from a mu- 
tant defective in chromophore biosynthesis [4] confirm 
the results described here. This form of the enzyme con- 
tains approximately 2-3 Cu atoms/Mi, [4]. It shows the 
characteristic multiline EPR signals at S-, C- and X- 
band observed for native N20R which is consistent with 
the presence of the mixed-valence s= l/2 
[Cu(lS)...Cu(1.5)] center as the main Cu site in the mu- 
tant enzyme. The existence of a trinuclear Cu site in the 
enzyme ascorbate oxidase (8 Cu/M,) was demonstrated 
by high-resolution X-ray crystallography most recently 
[16]. Note that both N20R and COX are multicopper 
proteins with 4 Culsubunit in the case of N20R (8 
Cu/M, f4) and 3 Cu, 2 Fe/catalytically active unit in the 
case of COX [lo]. For COX the existence of the third 
275 
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copper atom was just confirmed most recently [17]; 
however, its functional role remains unclear. It is pro- 
posed to exist in the &(I) redox state, i.e. does not par- 
ticipate in the reduction of dioxygen [ 18,191. 
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